スペクトル・角度制御に基づく先進輻射熱マネージメントシステム by Tsuda Shinichiro
Advanced Radiative Thermal Management Systems
Using Spectral and Angular Shaping
著者 Tsuda Shinichiro
学位授与機関 Tohoku University
学位授与番号 11301甲第18313号
URL http://hdl.handle.net/10097/00125138
          つ だ しん いちろう 
氏 名          津 田 慎 一 郎 
研究科，専攻の名称 東北大学大学院工学研究科（博士課程）機械機能創成専攻 
学 位 論 文 題 目          Advanced Radiative Thermal Management Systems Using  
                    Spectral and Angular Shaping（スペクトル・角度制御に基づく先進
輻射熱マネージメントシステム） 
指 導 教 員 東北大学教授 湯上 浩雄 
論 文 審 査 委 員          主査 東北大学教授 湯上 浩雄 東北大学教授 羽根 一博 
             東北大学教授 三浦 英生 東北大学教授 大西 直文 
 
論文内容要約 
 
  It is a fundamental challenge for humankind how to deal with heat. Radiative heat transfer is a fundamental 
heat transfer mode, but very few comprehensive works on radiative thermal management exist. The objective of 
this dissertation is to explore the possibilities of radiative thermal management. To this end, this dissertation, for 
the first time, provides a comprehensive study on passive radiative thermal management systems based on 
tailoring the spectral and spatial properties of thermal radiation. 
     The first part of this dissertation addresses spectral-shaping-based passive radiative thermal management 
solutions for electric devices and equipment, in a wide temperature range from an operating temperature of 
semiconductors (below ~100°C) to an extremely high-temperature of gas plasmas (5000–20000 °C). The first work 
on electronics cooling provides a passive thermal management strategy to improve heat spreading in polymer 
packaging of electronics by the spectral-matching between the thermal emission spectrum of heat sources and the 
infrared optical window of polymers (3.5–5.5 µm). The experimental and numerical investigations reveal that the 
thermal radiation selectively-enhanced in the polymer optical window, enabled by an infrared-thermal-emitter 
with a periodic micro-structured surface, boosts the thermal transport in polymers and improves their heat 
spreading. The second work on high-temperature gas plasma cooling develop a passive radiative cooling scheme to 
dissipate heat from an enclosed high-temperature gaseous medium via a radiation absorber that selectively matches the 
thermal emission spectrum of the hot gas, applying this scheme to sulfur hexafluoride (SF6) gas circuit breakers 
(GCBs). The theoretical investigations, through the characterization on the radiative spectra of a 
high-temperature SF6 gas plasma and the design of a copper-based photonic absorber (Cu PhA) that matches that 
thermal emission, demonstrate that the Cu PhA lowers the temperature of SF6 gas plasma much better than 
non-selective absorbers (aluminum and silicon carbide), resulting in a maximum radiative equilibrium gas 
temperature lowering by up to 1270 K at the practical operating condition (the gas pressure 0.5 MPa), as well as 
  
contributing to improving the dielectric strength of SF6 gas plasma in GCBs. In short, a passive radiative thermal 
management based on the proper spectral-shaping of thermal radiation is demonstrated. 
     Driven by the motivation that the practical installation of radiative thermal management needs a 
cost-effective solution for controlling thermal radiation, the second part provides a comprehensive approach to 
control the spectral and angular properties of infrared thermal radiation, based on molecular vibrational modes of 
economical polymers. The proposed approach, by using a quite simple resonator consisting of a polymer thin film 
(poly(methyl methacrylate) (PMMA)) on back-reflective substrate (gold), enables both spectral-shaping from 
quasi-broadband to narrowband and angular-shaping from omnidirectional to strongly angular selective, depending on the 
polymer film thickness. Additionally, this work proposes a procedure to derive the infrared dielectric function of amorphous 
polymer thin film by using a Gaussian-convoluted Drude–Lorentz model while accounting for the inhomogeneous broadening 
caused by the disordered structure of polymers. The proposed infrared radiation management strategy with molecular 
vibrational modes has a cost-effective scalability, and a spectral tunability of thermal radiation by carefully 
selecting polymer groups in infrared, offering an effective radiative thermal management. 
     The last part of this dissertation provides a comprehensive study on an angular-shaping based passive 
radiative thermal management solution for directive remote radiative thermal transport. To this end, the 
broadband angular selective thermal emitter device, consisting of a broadband lossy dielectric thin film on a back 
reflective substrate, is theoretically demonstrated. The numerical analysis reveals the physical mechanism on the 
broadband angular control of thermal radiation and the design rule of broadband angular selective thermal 
emitter. As a specific design, the broadband angular selective thermal emitter including a 
poly(melamine-co-formaldehyde) (PMF) deep-subwavelength thin film, enabling both the higher thermal emission 
intensity 45.7 (W/m2/) at the emission angle 85° and p-polarization state, and the angular selectivity 0.34 
concentrated on the emission angle range 85 5ｱｰ  ｰ exceeding the Lambertian spatial incoherent limit at 373 K by 
about threefold. 
     In summary, this dissertation comprehensively explores the possibilities of passive radiative thermal 
management and shows that a new progress in thermal management is achieved by the introduction of spectral 
and angular shaping of thermal radiation transfer. 
 
